Subjects from age 1 to 18 years, without heart disease, were prospectively recruited for this study from local schools, as volunteers and Background-In pediatric echocardiography, pulse wave Doppler, and tissue Doppler imaging velocities are widely used to assess cardiac function. Current reference values and Z scores, allowing adjustment for growth are limited by inconsistent methodologies and small sample size. Using a standardized approach for parametric modeling and Z score quality assessment, we propose new pediatric reference values and Z score equations for most left ventricular pulse wave Doppler and tissue Doppler imaging measurements. Methods and Results-Two hundred thirty-three healthy pediatric subjects 1 to 18 years of age were prospectively recruited.
I n echocardiography, blood and tissue velocities measured by Doppler are widely used tools for the evaluation of cardiac systolic and diastolic function. In healthy children, many of these parameters vary with growth, often in a nonlinear fashion. 1, 2 As recently reviewed by Cantinotti and Lopez, 3 reference values for pulse wave Doppler (PWD) and tissue Doppler imaging (TDI) velocities are often limited by inconsistent methodologies and small sample size. Furthermore, while Z scores are becoming the method of choice to normalize echocardiographic measurement in children, 4 standardized methodologies to perform normalization in pediatric echocardiography, especially in the presence of heteroscedasticity and nonlinear relationships, are lacking. 5
See Clinical Perspective
In this study, we aimed to determine echocardiographic reference values and parametric Z scores equations for PWD velocities and TDI velocities in a healthy pediatric population using a complete and standardized approach for regression modeling, detection of residual biases, and assessment of adequate Z score distribution. Pediatric Reference Values for PWD and TDI also from the Hospital for Sick Children (Toronto, Canada) echocardiography laboratory for children with likely normal cardiac anatomy. Recruitment took place between January 2009 and November 2012. A full anatomic and functional echocardiogram was performed to rule out any abnormalities. Any children with abnormal echocardiographic findings, including minor defects, such as patent foramen ovale and patent ductus arteriosus were automatically excluded from the study. Age, sex, height, and weight were recorded for every patient at the time of the echocardiographic study. Body surface area (BSA) was estimated using the equation proposed by Haycock et al. 6 The Haycock equation was selected because of its closer correlation with echocardiographic measurements in children compared with other published estimations of BSA. 7 Body mass index (BMI) was calculated as weight (kg) ÷ height (m 2 ) and was normalized for age and sex using the reference standard proposed by the World Health Organization. 8, 9 The Institutional Research Ethics Board approved the study and written informed consent was obtained from each participant.
Echocardiographic Examination
We used General Electric's Vivid 7 and E9 (GE, General Electric Corp, Wauwatosa, WI) ultrasound systems for all image acquisitions. The appropriate sectorial transducer was used, ranging from frequencies of 4 to 12 MHz depending on subject age and size. The participants were examined at rest while in the left lateral position during sinus rhythm. All echocardiographic images were acquired using a strictly standardized echocardiographic functional protocol. Echocardiographic acquisitions were performed by 2 experienced research sonographers (C.S., W.H.).
Pulse Wave Doppler
PWD images from 3 cardiac cycles were acquired from an apical 4 chamber view and a sweep speed of 100 cm/s unless stated otherwise. Care was taken to ensure that the ultrasound beam was as parallel as possible to the recorded flow. Appropriate scale and filters were adjusted to optimize the PWD signal and spectral Doppler tracings flow. Peak velocities for E and A waves were measured with a 2 mm sample volume placed at the tips of the mitral valve leaflets. Mitral valve deceleration time was measured as the time from the peak E wave velocity to the cessation of early diastolic flow. Mitral valve closure to mitral valve opening time was measured as the time from the cessation of the mitral A wave flow to the onset of the mitral E wave flow. Aortic left ventricular ejection time was measured in the 5-chamber view with the sample volume immediately below the aortic valve annulus. Aortic left ventricular ejection time was measured as the time from the onset of aortic forward flow to the cessation of aortic forward flow. Left ventricular myocardial performance index was calculated as the ratio of (mitral valve closure to mitral valve opening time−aortic left ventricular ejection time) over aortic left ventricular ejection time. The right upper pulmonary vein was imaged whenever possible to assess pulmonary venous Doppler. A 2 mm sample volume was placed ≈5 mm within the pulmonary vein. Isovolumic relaxation time was measured in the 5-chamber view. A PWD tracing was acquired with the cursor angled to record both the mitral inflow and left ventricular outflow tract. Isovolumic relaxation time was measured as the time from the cessation of the aortic forward flow to the onset of mitral diastolic flow.
Pulse TDI
Pulse TDI images from 3 cardiac cycles were obtained from the apical 4-chamber view at a sweep speed of 100 mm/s. A 5-mm sample volume was used in all subjects placed just below the mitral valve annulus (lateral wall and septum). Gain settings were optimized as needed to avoid aliasing, eliminate background noise and to allow optimal TDI velocity traces. The ultrasound beam was aligned as perpendicular as possible to the interrogated myocardial wall. The sector width was reduced if necessary to obtain high frame rate images of >150 frames per second.
Color TDI
Color coded TDI images from 3 cardiac cycles were obtained from the apical 4-chamber view. The sector width was reduced if necessary to obtain high frame rate images of >150 frames per second. Unaltered uncompressed images were transferred for off-line analysis. Color TDI velocities were measured offline using a GE EchoPAC workstation (General Electric Corp) version 7, from 3 consecutive cardiac cycles by a single sonographer (C.S.). Color TDI velocities were sampled in the same position as the PWD TDI. A 5 mm sample volume was used.
Modelization and Z scores
Z scores were computed using a standardized approach for each echocardiographic measurement. We first evaluated the relationship of the dependent variable (measurements) with 4 independent growth variables: height, weight, BSA, and age. In our preliminary analysis, compared with age, height, and weight, we found that normalization for BSA most often yielded Z scores with less residual association with other growth parameters. BSA was therefore used as the initial independent normalizing variable. Other growth variables or multivariable models were tested when significant residual association with growth was detected (see below).
Regression models were empirically tested to optimize the goodness-of-fit between the dependent and the independent variables. Linear (y=ax+b), allometric (y=ax b ), second-order polynomial (y=ax 2 +bx+c), and third-order polynomial (y=ax 3 +bx 2 +cx+d) models were initially tested. When the fit was deemed inadequate, other models were also assessed: a gamma function model [y=ax b ×e −cx ], a polynomial model with the square root of the independent variable (y=ax+b√x+c), and multivariable models. Model equations are listed in Table 1 . When polynomial models were considered, we were careful to avoid over fitting by consulting scatter plots of previously published articles on healthy patients (see Discussion for references). Such models were considered only if previously published data showed a similar polynomial pattern with growth for a given echocardiographic measurement.
Selection of the most adequate model was based on several factors. We visually appreciated the goodness-of-fit by reviewing graphically the residual values over the independent variable. We then reviewed various fit diagnostic aids, including plots of residuals over predicted values, plots of residuals over quantiles, distribution of residuals and proportion less plots (all included in the REG procedure of the SAS statistical software version 9.2, Cary, NC). We then reviewed the fit plots of the residual values over the independent variable by linear and polynomial regression to ensure that no significant residual association was present. Mathematical transformation of the dependent variable was only considered if the distribution of the normalized echocardiographic measurement suggested significant departure from the normal distribution (see below). We did not attempt to improve the goodness-of-fit by way of mathematical transformation of the dependent variable.
Preliminary analysis showed that the variance of the residual values was not homogenous across the entire range of body size for most dependent variable studied (ie, heteroscedasticity). We thus had to model variation of the standard deviation (SD) for the independent variable. We estimated the rate of increase of the SD by linear regression of the absolute value of the residual values against the independent variable. Because the residual values are assumed to be normally distributed, the absolute value of the residual values will adopt a halfnormal distribution. 10 The mean of a half-standard normal distribution being √(2/π), we estimated the SD using the predicted mean of the absolute value of the residual values multiplied by √(π/2). Z scores were then calculated using equations listed in Table 1 .
Assessment of the Validity of Z Scores
To assess if the newly computed Z scores were independent of growth, we plotted Z scores against weight, height, BSA, and age. We also verified the association with sex, resting heart rate (HR), and BMI adjusted for age and sex. At this stage, potential outliers were sought. Pediatric Reference Values for PWD and TDI When potential outliers were identified, data entry and echocardiography cine-loops were reviewed, and corrections were made if needed. Any specific echocardiography measurement >3.5 SDs above or below the mean was then deleted and the Z scores were recomputed.
Z scores need to have a normal distribution to validly estimate percentiles. We evaluated Z scores for departure from a normal distribution with an expected mean of 0 and a SD of 1 by visual assessment (distribution histograms, box plots, and normal probability plots) and by using the Shapiro-Wilk statistic. This was done in all subjects, and for 3 subgroups corresponding to the lower, middle and highest tertiles of the independent variable. When Z scores adopted a log-normal distribution, the fitting process was started over using a log-transformed dependent variable. Log-transformed dependent variables were only used when the derived Z score showed less departure to a normal distribution compared with that of the dependent variable without log-transformation. In this article, model with log-transformed values are termed log-linear [ln(y)=ax+b] and logallometric [ln(y)=ax b ] where appropriate. Similarly, some normalized dependent variable conformed to an inverse distribution. The reciprocal of the dependent variable (1/y) was then tested to seek improvement of the Z score distribution. In this article, such models are termed reciprocal of linear [(1/y)=ax+b]. All regression and Z score equations are listed in Table 1 .
Statistical Analysis
We used SAS for Windows version 9.3 for all analyses (SAS Institute Inc, Cary, NC). We used the NLIN procedure for allometric regression and the GENMOD procedure for other regression models. Mean Z scores were compared using Student t test. The t-statistic was used to estimate P values for residual association. Departure from a normal distribution was evaluated by the Shapiro-Wilk statistic. A P value <0.05 was considered statistically significant. 
Reciprocal of polynomial (second order)
Allometric
The values for parameters a to f (predicted mean) and for parameters g and h (predicted SD) are listed in Tables 3 and 4 . BSA indicates body surface area; obs, observation (measured echocardiographic parameter). 
Results
A total of 253 subjects was included in the study. One was excluded because of several outlier measurements, and 19 were excluded because of abnormal BMI-for-age Z scores (>2.0 or < −2.0), leaving 233 subjects for final analysis. Out of 5990 measurements available for analysis, 33 (0.55%) were considered outliers. These measurements were deleted from the database but the subjects were not excluded from the final analyses for the remaining measurements. Table 2 presents descriptive statistics for the participants included in the final analysis. Figure 1 shows our cohort's age distribution. Model descriptions and parameters for PWD measurements and TDI measurements are shown in Tables 3 and 4 , respectively. Corresponding equations are included in Table 1 . Tables 5 and 6 for PWD measurements and TDI measurements, respectively. Z scores may be estimated by calculating the predicted mean and predicted SD using the parameters in Tables 3 and 4 with the equations from Table 1 for the corresponding model. Scatter plots with predicted Z score boundaries of each measurement are available in the Data Supplement.
Choice of BSA as the Independent Variable
Preliminary analyses indicated that for most measurements, Z scores adjusted for BSA had less residual association with age, height and weight, compared with Z scores adjusted for age, height or weight. Numerous trials were undertaken to seek improved normalization with weight or height compared with BSA. For measurements with strong associations with growth, weight performed better in children aged <2 years while the height was superior in adolescents. That being said, when the entire growth range was considered, BSA was overall superior to adjust for growth and created less distortion in small children or tall adolescents compared with weight or height alone (data not shown). We therefore only present Z scores adjusted for BSA. Using one normalizing variable for 
PWD Measurements
Normalization for body size was successful for all PWD measurements with adequate distribution of Z scores and little residual association with body size. Figure 2 shows scatter plots of selected PWD velocity measurements with predicted Z score boundaries. Scatter plots and Z score boundaries for all PWD measurements are available in the Data Supplement.
As an example, Figure 3 shows absence of residual association with BSA and lack of significant departure from a normal distribution for mitral valve E-wave velocity. However, several measurements known to have a dependency to HR had Z scores with significant residual association with HR. All PWD measurements Z scores related to mitral valve were still dependent on HR after normalization, except for mitral E-wave velocity. The same was observed for isovolumetric relaxation time. For example, the residual slope of the Z score for mitral valve A-wave duration versus HR was −0.019 (Table 5 ; Figure 4 ) meaning a reduction of close to 0.2 SD of A-wave duration for each 10 beats per minute increase of resting HR. While this association is expected, such strong residual association indicates that the use of Z scores may potentially be biased for these measurements.
TDI Measurements
Because TDI velocities are not equivalent when estimated using PWD (peak velocities) and color Doppler (mean velocities) techniques, they are presented separately. Scatter plots of mitral valve lateral pulse wave tissue velocity measurements and Z score boundaries according to the BSA are shown in Figure 5 . Scatter plots and Z score boundaries for all TDI measurements are available in the Data Supplement. TDI E-and S-waves adopted a third order polynomial pattern where velocities in young children were lowest, reached a plateau for school-aged children and then increased again in older children. A-waves were less dependent on growth and most required log-transformation so that Z scores conformed to a normal distribution. Similar to PWD measurements, residual association with HR was found for some TDI measurements (mostly A-wave velocities). This was less pronounced for velocities estimated by the color Doppler technique compared with that of the pulse Doppler technique. The magnitude of residual association with HR was overall lower compared to that of the PWD measurements.
Effect of Sex and BMI-for-Age
Most Z scores were independent of sex, except for pulmonary vein A-wave duration, mitral valve E-wave velocity, and, consequently, mitral E/E′ ratio. Although statistically significant, we think that these associations with sex were the result of chance alone, because most other parameters were not significantly influenced by sex once adjusted for BSA. We also observed a mild degree of residual association between BMIfor-age and PWD and TDI velocities. Such a residual association was mostly present in measurements with a stronger relationship with body size (see Discussion).
Discussion
In this study, we present Z score equations for most left-sided PWD and TDI velocities used in pediatric echocardiography. These equations were computed from a prospectively recruited cohort of healthy pediatric participants. We identified significant heteroscedasticity and nonlinear association with BSA for many measurements and a standardized approach was used to optimize regression modeling to produce Z scores with adequate data distribution and little residual association with body size. We also identified several measurements with significant residual association with HR despite normalization.
Recently, Cantinotti and Lopez 3 reviewed currently available nomograms and reference values for PWD and TDI velocities in pediatric echocardiography. They rightfully concluded that echocardiographic and normalization methodologies were heterogeneous, inconsistent and often incomplete. Of the many available nomograms, 12 studies were performed on >100 participants. 1, 2, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Most of them, but not all, 11, 15, 16, 20 have reported an association with Doppler velocities and growth or age. Despite the nonlinear relationship between most Doppler velocities and age, most authors have so far relied on simple linear regression to express predicted mean velocities or Z scores. 2, [11] [12] [13] [14] 17, 18 Furthermore, although we observed significant heteroscedasticity for most measured parameters, we found no studies where the SD was modeled or weighed to adjust for its variation according to growth. When these 2 important aspects are unaccounted for, one could expect normalized measurements or Z scores with significant residual heteroscedasticity or residual association growth. Both could lead to significantly underestimate or overestimated Z scores.
Similar to what was observed several times previously, 3 many PWD and TDI velocities had residual association with HR despite adjustment for BSA. Despite all efforts to standardize echocardiographic functional measurements, physiological variation of HR may have a significant influence on some of them and may affect their reproducibility. Because of the complex interactions between HR, growth and blood flow on tissue dynamics, we did not attempt to include HR in our mathematical models. Nevertheless, we elected to propose Z score equations even when a residual association with HR was detected. Although these Z scores may well be influenced by HR, we think that they still offer the benefit of being adjusted for body size. With that in mind, normalized measurements with HR dependency should be interpreted with caution, especially in individuals with resting HR unusually low or high for their age. In this study, we used parametric modeling to propose reference values and Z score equations. Other methodologies exist to estimate reference centiles of a normal population. These include the LMS method and quantile regression. 21, 22 Both of these approaches have the benefit of being less stringent in the distribution assumptions. Despite this, we used parametric modeling because of the simplicity of its application (simple Z score equations instead of centile limit tables), and because we were confident that the measurements' distribution were close enough to the distributional assumptions so that no significant residual error was present. In the future, it would be interesting to use nonparametric methodologies as a validation tool for the current equations.
In this study, we excluded children younger than 1 year of age. Transitional circulation with decreasing pulmonary resistances as well as rapid growth in young babies has a major impact on most PWD and TDI measurements. Our preliminary results did not allow the construction of reliable Z scores for such young children, mostly because of insufficient sample size. We consequently elected to exclude them from this analysis.
We also excluded children with abnormal BMI for their age and sex. Despite this, we observed that some normalized Doppler velocities had a residual association with BMI. We have previously observed that normalization for BSA in pediatric echocardiography could introduce a bias related to the level of fat mass, mostly in adolescents. 23 While this effect is less likely to play an important role because of the weaker association of Doppler velocities with BSA, caution is required when any measurement is normalized for BSA for an obese patient. Also, few participants in our cohort had BSA>2 m 2 . Small numbers at the end of the growth spectrum could cause some distortion in the model predictions and caution should be observed in individuals with BSA significantly above 2 m 2 . Furthermore, even if the older adolescents in our cohort had reached adult size, one should not infer our results to an adult patient population.
Conclusions
In this study, we present Z scores for normalized PWD and TDI velocities in pediatric echocardiography. We are confident that we have successfully reduced the influence of body size in most Doppler velocities used in today's echocardiography laboratories. This will ease the interpretation of these parameters in pediatric echocardiography. As Z scores describe the normal limit of a healthy population, other studies are needed to further define the threshold above which health becomes a disease by integrating other important factors such as ventricular morphology, loading condition, and HR.
